Cavity Control of Prefoldin Nano Actuator (PNA) by Temperature and pH by Ali Shokuhfar et al.
www.nmletters.org
Cavity Control of Prefoldin Nano Actuator
(PNA) by Temperature and pH
Ali Shokuhfar, Ali Ghaﬀari, Reza Hasanzadeh Ghasemi∗
(Received 4 May 2012; accepted 2 July 2012; published online 4 July 2012.)
Abstract: A molecular dynamics study to investigate the cavity control of Prefoldin based bio nano actuator
is presented in this paper. Prefoldin is a molecular chaperone with a jellyﬁsh-like structure containing six long
coiled-coil tentacles and a large central cavity. We took the temperature and pH of the medium into account,
and analyzed the conformational ﬂexibility of the Prefoldin nano actuator in details. Results show that the
prefoldin is a very ﬂexible protein, the conformational state of which appears to depend on the temperature and
pH values of the medium. In fact, combining these two control parameters, a suitable environment is provided
to capture nano cargoes with speciﬁc dimensions. These properties of Prefoldin actuator can be used for drug
delivery in the body.
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Introduction
Recent advances in the ﬁeld of nanotechnology have
enabled widespread opportunities to investigate and
manipulate matter on the nanoscale [1]. The research
in nanotechnology, combined with important discover-
ies in molecular biology, has created a new interest in
biomolecular machines and robots [2]. In the ﬁeld of
robotics, new initiatives have been proposed to develop
nano-scale actuators, joints, motors, and other machine
components. These devices will one day be assembled
into functional nanorobots [3]. These devices will have
intrinsic mobilities that result in their geometry change
and hence enable them to perform speciﬁc functions [4].
Just as conventional macro-machines are used to de-
velop forces and motions to accomplish speciﬁc tasks,
bio-nanomachines can be used to manipulate nano-
objects, to assemble and fabricate other machines or
products and to perform maintenance, repair and in-
spection operations [5].
In this way proteins and DNA could act as motors,
mechanical joints, transmission elements, or sensors. If
all these diﬀerent components were assembled together
they could potentially form nano devices with multiple
degrees of freedom, able to apply forces and manipulate
objects in the nano scale world, transfer information
from the nano to the macro scale world and even travel
in a nano scale environment [6].
The most familiar motor is the protein myosin or
dynein which moves along ﬁlaments, formed through
the protein actin, to drive the contraction of muscles. In
addition, there are compliance devices such as spring-
like proteins called ﬁbronectin, as well as synthetic
contractile plant polymers which can act as compliant
joints in molecule-size robotic systems [7].
We presented the development of Prefoldin nano ac-
tuator (PNA) and their integration in bio nano robotic
systems [8]. PNA can be used to manipulate nano-
objects.
Prefoldin is a molecular chaperone that is found
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in the eukaryotic cytosol and also in archaea [9-10].
Prefoldin captures a protein-folding intermediate and
transfers it to a group II chaperonin for correct fold-
ing [11]. In fact, the Prefoldin acts as a transporter
molecule that transports bound unfolded target pro-
teins to the chaperonin molecule [12].
Unlike many other molecular chaperones, Prefoldin
does not use chemical energy, in the form of Adeno-
sine triphosphate (ATP), to promote protein folding in
all cells [13]. Recognition mechanism in archaeal Pre-
foldin is nonspeciﬁc, in eukarya however, Prefoldin has
acquired a more speciﬁc function [14].
In this manner, Prefoldin performs two mechanical
works, 1) capture and 2) transfer, and does not need
chemical energy. Unlike eukarya Prefoldin, archaeal
Prefoldin is nonspeciﬁc. This interesting properties
cause, we use archaeal Prefoldin to create a novel nano
actuator that can be used for nanoscale manipulation
[15-17].
Here, we analyze the conformational ﬂexibility of the
PNA in detail, and take the temperature and pH of the
medium into account. The results provide valuable in-
formation on the ﬂexibility of the PNA when compared
to the original structure. Temperature and pH are two
control parameters to control of cavity of PNA. In this
paper, eﬀects of these parameter on PNA are presented.
Archaeal prefoldin structure
Crystal structure of Prefoldin has shown that Pre-
foldin has the appearance of a jellyﬁsh with six long
coiled coils protruding from it and a large central cav-
ity [18] (Fig. 1). Biochemical and structural studies in-
dicate that these tentacles bind to substrate proteins
in a concerted manner and can move outward for eﬃ-
cient interaction with substrate proteins [19, 20]. Each
subunit has a hydrophobic groove at the distal region
where an unfolded substrate protein is bound. Each
Fig. 1 Overall structure of Archaeal Prefoldin.
tentacle belongs to one of the six Prefoldin subunits,
arranged as two subunits (151 amino acids) located in
the center of the structure and four of the homologous
subunits (117 amino acids) placed at the periphery [21].
Each coiled-coil tentacle is fully solvated. Its polar
and charged side chains are almost exposed to the sol-
vent. On the other hand, hydrophobic residues form a
hydrophobic groove between the two α-helical regions
in the same subunit. These hydrophobic grooves in the
cavity are likely to be responsible for the interaction
with the hydrophobic surface of an unfolded protein
[18].
Molecular Dynamics Simulation of PNA
In this paper, we investigate the eﬀect of temperature
and pH on PNA by molecular dynamics. A variety of
simulations were prepared to understand the working
of the nano actuator under diﬀerent temperatures and
pH.
All MD simulations were performed with the GRO-
MACS 3.3.3 package in which the equations of motion
are solved using a leap-frog integration.
The computational model for MD simulations of the
nano actuator was generated starting with the crys-
tal structure of the Prefoldin protein obtained from its
PDB ﬁle [22]. We used the PDB entry 2ZDI, as source
for initial state of the nano actuator. To prepare the
initial Prefoldin, the DeepView and Pymol software are
used.
For all MD simulations, the water cubic box with pe-
riodic binding conditions and minimum distance of 1
nm between the solute and the box and with the Tip3p
model for water molecules utilizing force ﬁeld OPLS-
AA/L were used. The starting system consists of a sim-
ulation box containing one Prefoldin and 38,000-50,000
water molecules.
Energy minimization was performed with steepest
descent to release conﬂicting contacts among residues.
The system was equilibrated by 100 ps of MD runs with
position restraints on the protein to allow relaxation
of the solvent molecules. During the MD simulation,
the LINCS algorithm was used to constrain all bonds.
A time step of 2 fs was used. The electrostatic inter-
actions were calculated using the particle-mesh Ewald
method with a 0.9 nm cutoﬀ. The temperature was
kept constant by coupling solute and solvent separately
to a thermal bath with a coupling constant dT= 0.1 ps.
Temperature eﬀect on PNA
To investigate the temperature eﬀect on PNA, MD
simulation was performed by increasing the tempera-
ture gradually from 100 to 330◦K to avoid destabilizing
the simulated structure. In the Table 1, temperatures
and simulation times are presented. Preliminary molec-
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Table 1 Temperatures and simulation times of PNA
Temperature (K) 100 150 200 250 273 280 290 300 303 306 308 310
Simulation Time (ps) 75 75 75 75 200 500 500 500 200 300 300 300
Temperature (K) 312 314 316 318 320 322 324 326 328 330
Simulation Time (ps) 300 300 300 300 300 300 300 300 300 300
ular dynamics results indicated that by varying the
temperature, the conformation of PNA is changed.
Structures of PNA at diﬀerent temperatures are shown
in Fig. 2. As it is expected, at low temperature the
variations of PNA are very small. But the positions of
the arms (tentacles) have drastically changed at high
temperatures. The Pymol software package was used
as the visualization software for analyzing trajectories
generated by GROMACS.
290K  and 300K
310K  and 320K 320K  and 330K
Fig. 2 Conformational changes of nano actuator at various
temperatures. Green is lower temperature.
It has been shown that, overall structure of Prefoldin
is conserved for all temperatures and shape and size
of central cavity has only changed. It is very impor-
tant in practical applications, such as bio nano robotic
systems. The resulting conformational change is due
to interaction of Prefoldin subunits with each other as
well as with solvent.
Comparison of Prefoldin at diﬀerent temperatures
shows the intense changes of coiled coils. This means
that the PNA has dexterity. To capture the nano object
by nano actuator, this parameter can be very useful.
pH eﬀect on PNA
A major goal of the present study is the investiga-
tion of the pH-dependent conformational changes in the
nano object-binding site of the PNA.
We have carried out MD simulations of the PNA
at two diﬀerent protonation states. These protonation
states were correlated with the pH of the system; the
starting model for this was the Prefoldin protein at neu-
tral pH at diﬀerent temperatures.
Of the 20 amino acid residues, Histidine, Glutamic
acid, and Asparatic acid are protonated at pH range
3–7.4 (acidic pH) depend on their pKa. Prefoldin has
Glutamic acid and Asparatic acid, but it has not His-
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Fig. 3 pKa of special residues determined by PROPKA
server.
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300K, Acidic pH 310K, Acidic pH 320K, Acidic pH
300K, Basic pH 310K, Basic pH 320K, Basic pH
Fig. 4 Conformational changes of nano actuator at various pH. Blue is neutral pH.
negatively charged at neutral pH (∼7.4) and become
neutral at lower pH due to the addition of a proton.
At high pH or basic pH (pH range 7.4–13), Lysine
and Arginine are unprotonated depend on their pKa.
Lysine and Arginine are initially positively charged at
neutral pH (∼7.4) and become neutral at higher pH due
to the deduction of a proton.
The protonation states of the Prefoldin residues:
Asp, Glu, Lys and Arg for the Molecular Dynamics
studies were determined in the PROPKA server [23]
employing empiric parameters to calculate the pKa of
these residues in diﬀerent environments (Fig. 3).
Fig. 3 shows, All Glutamic acid and Asparatic acid
residues are protonated at pH∼3 and all Lysine and
Arginine residues are unporotonated at pH∼13. Thus,
by the introduction of diﬀerent Ionizable residues along
the peptide chain and varying the pH of the solvent dif-
ferent PNA architectures can be obtained.
To represent a typical biological environment which
is electrically neutral, salt (NaCl, 100 mM) was added
by placing ions in water to make the system neutral.
In this way, to investigate the pH eﬀect on PNA, 0.5
ns MD simulation was performed. Structures of nano
actuator at diﬀerent pH are shown in Fig. 4.
Area of cavity of Prefoldin: Eﬀect of con-
trol parameters on PNA
To accurate studying of PNA, we calculate the area
of cavity of Prefoldin observed in each of the nano actu-
ator architecture as a function of temperature and pH
from the conformational changes result of the MD sim-
ulation. The area is measured as the distance between
the Cα atoms of end amino acids of arms (Fig. 5). This
Fig. 5 Area of nano actuator as a variable parameter.
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area is a criterion for investigating of cargoes sizes and
shapes.
Figure 6(a) and 6(b) show the eﬀect of temperature
on this area and change mode of areas, respectively. It
is shown that the areas at high temperatures are half of
initial area. In fact, as temperature increases, the cav-
ity of PNA becomes closer. This area is also measured
for acidic and basic pH (Table 2). These results show,
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Fig. 6 Area of nano actuator at various temperatures.
Table 2 Area of cavity for three diﬀerent protona-
tion states (Neutral, Acidic and Basic)
pH
Temperature (K)
290 300 310 320
∼3 23.62 20.83 17.80 11.50
∼7.4 21.77 16.82 16.02 10.26
∼13 22.47 16.31 16.23 10.67
The comparison of area of cavity for three diﬀerent
protonation states (Fig. 7) shows, a decrease in pH in-
creases the area of cavity. That is, cavity at acidic pH
is more open than neutral pH. At basic pH (high pH),
the area of cavity is approximately equal to neutral pH.
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Fig. 7 Comparison of area of cavity for three diﬀerent
protonation states (Neutral, Acidic and Basic).
Discussion
The root-mean-square deviation (RMSD) from the
starting structure is an important criterion for the con-
vergence of the system. The RMSDs of the C atoms
are shown in Fig. 8, indicating that the whole simula-
tion system appears to have been stable after 300-500
ps of equilibration.
Flexibility of the PNA arms
To identify the most ﬂexible parts of the nano ac-
tuator, we calculated RMS ﬂuctuations (RMSFs) for
individual residues, and compared them with the crys-
tallographic results.
Figure 9 holds the plots of the RMSFs of Prefoldin
simulations derived from the MD trajectory at diﬀerent
conditions.
The RMS proﬁles reveal the most ﬂexible parts of
the nano actuator, which are the ends of coiled coil and
regions between the α-helical and β-assembly regions.
Also, the regions in the middle of α-helical region are
ﬂexible.
The change mode of cavity
The results show that, increase of temperature
causes, distance between β1 and β2′ and distance be-
tween β2 and β1′ are reduced. Distance between β2
and α, and distance between β2′ and α′, as well as dis-
tance between α and α′ are approximately constant.
Reducing the distance between β1 and α, and distance
between β1′ and α′a re intense. Although relative dis-
tance between β2 and β2′ is constant, distance between
β1 and β1′ is reduced very intense.
These observations show that PNA has a rotational
motion during molecular simulations. This result is
conﬁrmed by Fig. 6(b). Rotational motion can be very
interesting in nano scale systems.
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Fig. 8 Time dependence of the RMSDs from the starting structure of the PNA for C atoms during the MD simulation

























































































































































































































































Fig. 9 Root Mean Square Fluctuation of PNA during molecular simulations (from left to right: Neutral, Acidic and Basic).
Eﬀect of ﬂexible tentacle on cavity
Any arm of PNA is a coiled coil; therefore Prefoldin
consists of six coiled coils which were engineered to ob-
tain an environmentally responsive nano actuator in-
volving the movement of arms towards and away from
each other.
One important characteristic observed in this nano
actuator is the conserved α-helices of the six coiled coil
even in the presence of high temperatures and various
pH (Fig. 10). This is due to stabilizing eﬀects of the
hydrophobic interactions and hydrogen bonds.
Two elements in ﬂexible arms can change cavity of
PNA and adapt it to capture various nano objects (see
Fig. 10). The ﬁrst at the base of each arm serves as a
ﬂexible joint and produces large changes. Second ele-
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ment is the changes produced in arms themselves, that
contains smaller changes and can more accurately ad-
just nano actuator.
(a) β1'
(b) β2' (c) α'
Fig. 10 The subunits of Prefoldin nano actuator. (a) Ini-
tial Prefoldin and nano actuator at temperature 330K and
neutral pH. (b) Nano actuator at temperature 320K, Neu-
tral pH and Acidic pH. (c) Nano actuator at temperature
300K, Neutral pH and Basic pH.
Fig. 11 The schematic of PNA.
In other words, there are two motions in this nano
actuator: large and small motions. The large motions
cause to open and close the cavity of nano actuator
and the small motions adapt the nano actuator with
nano objects accurately. As a result, PNA has several
degrees of freedom.
In PNA, it is possible to obtain asymmetric changes,
namely if a nano object is non regular, nano actuator
is able to adapt itself to capture it.
In fact, this nano actuator has interesting properties.
These properties are very useful in bio nano robotic sys-
tems, because these various changes empower the nano
actuator to capture and transfer the size of diﬀerent
nano objects and nano drugs. A schematic of a PNA,
showing the working principle, is presented in Fig. 11.
Conclusion
In this study, the dynamics and functions of the PNA
is investigated at diﬀernent temperature and pH with
MD simulations. According to the MD trajectories, it
is found that PNA is capable of exhibiting largescale
conformational changes. Particularly, clear opening–
closing motions are observed in Prefoldin simulations.
Characterized by their remarkably large ﬂexibilities, it
is found that the cavity of PNA can change at diﬀerent
conditions.
In this paper, we focused on the mechanical prop-
erties of PNA to change its conformation depending
on the temperature and pH of environment. During
molecular dynamics simulation, each arm (coiled coil)
is highly ﬂexible, enabling it to widen its central cavity
and capture various cargoes. Our obtained results show
how PNA may well be adapted to interact with many
diﬀerent nano objects. Therefore, PNA has a special
structure that it can grasp diﬀerent cargos.
In fact, combining the two control parameters (tem-
perature and pH), a proper environment is provided to
capture nano cargoes with speciﬁc dimensions. This
renders a set of parameters which can be used to com-
pare diﬀerent conditions and to select the one with the
best possible performance results.
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